We have extended our recent experiments in the detection of single fluorescent molecules in solution to the exploration of spectroscopy at the single-molecule level. As a first step we have developed a technique that can efficiently distinguish between two species of dye molecules on the basis of differences in their emission spectra. We have also demonstrated that another spectroscopic property, fluorescence lifetime, can be accurately determined at the single-molecule level. Spectroscopic properties can be used to identify fluorescent molecules and to reveal static or slowly varying aspects of the microenvironment of each molecule, thereby yielding information unavailable from bulk studies.
INTRODUCTION
The detection of single atoms in the gas phase was first accomplished in 1977,' and the detection of single molecules in a solid matrix at low temperatures in 1989. 2 The detection of single chromophore molecules in an aqueous solution presents different problems and was only recently achieved. 3 Because of the many applications of ultrasensitive detection in liquid environments, the sensitivity obtained with fluorescence detection has had a long history of incremental improvements. A new urgency came to the field when it was suggested that DNA may be sequenced at rates many times those of current methods by sequential enzymatic cleavage of an appropriately labeled single DNA strand followed by detection and identification of the individual labeled nucleotides. 4 ' 5 Hirschfeld 6 ' 7 first reported the detection of a single biological molecule (MW 20,000) that was tagged with 80-100 chromophores. Dovichi et al. 8 ' 9 later suggested laserinduced fluorescence as an approach for single-molecule detection in liquids. Recognizing that a greater signalto-noise ratio could be achieved by reducing the effective sample volume, they set about to reduce the sample volume by using hydrodynamic focusing.'" Meanwhile improvements were made in the light collection efficiency of flow cytometers," which permitted a detection limit equivalent to 125-150 fluorophores.' 2 Using a 0.6-pL sample volume with conventional optics, Nguyen et al." demonstrated a detection limit of 800 molecules of Rhodamine 6G. Dovichi and co-workers' 4 ' 6 applied ultrasensitive detection techniques to the problem of amino acid analysis by capillary zone electrophoresis. Using BPhycoerythrin, a large molecule containing the equivalent of 25 Rhodamine 6G (R6G) chromophores, Peck et al. 7 observed nonrandom features in the autocorrelation of the signal collected with the passage of many molecules and indicated that they had achieved a detection efficiency of 15% with a false detection rate of 3 errors/s. Using a new approach in which a rapidly pulsed laser and time-gated detection discriminated against the Raman and other prompt scattering from the solvent, we were able to demonstrate directly the efficient detection and counting of single chromophore molecules in aqueous solution. 3 We also demonstrated that a considerably higher yield of photons per molecule could be obtained by using ethanol as a solvent, owing to better photostability. However, this solvent is incompatible with most biochemical applications, including the DNA-sequencing scheme mentioned above. Subsequently published reports describe the use of continuous laser excitation to provide evidence of sensitivity at the single-molecule level for R6G in ethanol,' 8 of detecting as few as 12 molecules of R6G in 12-,um-diameter glycerol droplets,' 9 and of detecting small concentrations of R6G in water. 20 Recently we applied our technique 3 to other fluorescent molecules, including adenine labeled with tetramethylrhodamine isothiocyanate (a fluorophore-labeled nucleotide), and we conducted a study in which the important parameters for single-molecule detection, including photostability, quantum yield, and fluorescence lifetime were measured for several dyes under various solvent conditions. 5 In the present paper we report the extension of our experiments to the measurement of spectroscopic properties at the single-molecule level. We have developed techniques whereby it is possible to distinguish between two fluorescent species as individual molecules pass through the detector. As a first demonstration of single-molecule spectroscopy we have used differences in emission properties to distinguish between individual molecules of R6G and Texas Red (TR). As another example of singlemolecule spectroscopy, we present results of a first experiment on the measurement of the fluorescence lifetimes of individual molecules. We also discuss other spectroscopic properties that may usefully be determined at the singlemolecule level.
EXPERIMENTAL APPARATUS
The apparatus used in the present experiments is an improved version of that used in our previous study, 3 with modifications to permit excitation and detection at a second pair of wavelengths and to permit the recording of time data on an event-by-event basis. A block diagram is shown in Fig. 1 . A mode-locked, frequency-doubled Nd:YAG laser operating at 82 MHz with a pulse width of Fig. 1 . Block diagram of the single-molecule detection and identification apparatus: A/2, half-wave plate; BS1, 70o/30% beam splitter; LP1, lens pair for adjustment of size and divergence of the 532-nm beam; BS2, 4%/96% beam splitter for diverting a small percentage of the 532-nm beam to the triggering photodiode; Al, beam attenuator for 532 nm; DF1, dichroic mirror for directing and combining excitation beams; LP2, lens pair used for adjustment of the size and the divergence of the 585-nm beam; A2, beam attenuator for 585 nm; LI, laser focusing lens; DF2, dichroic mirror for separating the fluorescence of the dyes; BP1, BP2, bandpass filters; ADC, analog-to-digital converter; PMT's, photomultipliers. 70 ps was used as an excitation source at 532 nm (green) and also as a pump source for a dye laser. The polarization of the YAG laser was rotated from vertical to horizontal by using a half-wave plate, and beam splitter BS1 was used to deflect approximately 1 W of average laser power to pump the dye laser, while the remaining 400 mW was available as the green excitation source. The green beam was sent through a retroreflector to adjust the timing of the pulse train such that the 532-nm pulses and the pulses from the dye laser arrived at the flow cell at the same time. A fraction of the green laser intensity was split off with beam splitter BS2 and sent to a fast photodiode to provide the start pulse for each time-to-amplitude converter (TAC). The remainder of the green laser intensity was sent through a variable attenuator, which regulated the average power at the flow cell. Dichroic filter DF1 (transmission of 10% at 532 nm, Omega Optical) was used to steer the green light, which was focused into the flow cell by a 20-mm-focal-length laser singlet lens (Melles Griot).
A 585-nm pulse train (yellow) was generated by a locally constructed synchronously pumped dye laser operating with R6G in ethylene glycol. The jet region was enclosed in a Plexiglas box to minimize dye contamination in the laboratory. The tuning element was a three-plate birefringence filter (Coherent Lasers), and the output coupler had a reflectivity of 95%. The cavity length was adjusted to minimize the laser pulse width by observation of the output pulse with a fast photodiode (Antel Model AR-S3). The pulse width was found to be less than the resolution of the photodiode (<50 ps). The yellow light was sent through neutral-density filters to adjust the average power at the flow cell and through dichroic filter DF1 (transmission of 95% at 585 nm) and then was focused into the cell with the same lens used to focus the green light. Lens pairs were used in the green and the yellow beam paths to adjust the size and the divergence such that both beams focused at the same plane and had the same beam-waist diameter. The size of the beam waist was determined by imaging Rayleigh and Raman scattering from the solvent onto a linear diode array (EG&G, Model RL0512). The beam waist for both the green and the yellow laser beams was 6.0 m (e intensity radius). The two beams were aligned to be collinear within the flow cell and were positioned approximately 400 /xm from the wall of the flow cell, whose internal dimensions were 1 cm X 0.5 cm.
The dilute dye solution was delivered to the flow cell from a bottle pressurized with helium or air. The pressurized delivery system permits 02 and other atmospheric gases to be purged from the solution if desired. The polyethylene tubing connecting the solvent bottle to the flow cell was enclosed in thick-walled Tygon tubing in which N 2 flowed to exclude 02, which might otherwise have diffused through the polyethylene. The ultradilute dye solutions were made by serial dilution from stock solutions of Kodak-supplied dye powders dissolved in CH 3 OH.
Fluorescent light from dye molecules passing through the laser beams was collected by a 40X, 0.65-N.A. (Zeiss) microscope objective and imaged onto a 400-gm-aperture vertical slit, producing a viewing distance along the propagation axis of the laser beam of 10 m. The resulting detection volume was 1.1 pL. The probability of a dye molecule's occupying the detection volume is 0.007 at a concentration of [10] [11] [12] [13] [14] M. The fluorescent light was separated and directed onto separate photodetectors by dichroic filter DF2 (Omega Optical). The fluorescence of R6G and TR was isolated with eight-cavity bandpass filters BP1 (cavity wavelength CWL = 555 nm, FWHM = 30 nm for R6G) and BP2 (CWL = 605 nm, FWHM = 30 nm for TR; Omega Optical). The transmission spectra of the bandpass filters and filter DF2 and the fluorescence emission spectra of R6G and TR are shown in Fig. 2 . Integration of the bandpass region of the fluorescence isolation filters over the emission spectra of the dyes indicated that approximately 60% of the fluorescence of the dyes was transmited through the filters. Detector 1 for R6G and detector 2 for TR were 12-Am proximityfocused microchannel plate photomultipliers (Hamamatsu Model R1564U) cooled to 00C with bialkali and extendedred multialkali photocathodes, respectively. The outputs were amplified (Hewlett Packard, Model 8447F) and sent to separate constant-fraction discriminators (Tennelec Wave length (nm) Fig. 2 . Fluorescence emission spectra of R6G and TR (thinner solid curves), the transmission spectra of the fluorescence isolation dichroic filter DF2 (heavy solid curve), and the fluorescence bandpass filters (dashed and dotted-dashed curves). Time (ns) Fig. 3 . Time spectra for CH 3 0H from a, detector 1, and b, detector 2. Spectrum a was shifted upward for clarity. The time window in which the fluorescent photons were recorded by the multichannel scalers is shown. These windows contained approximately 60% of the photons available from the entire decay. The small bump near 1.5 ns is caused by reflected light.
Model TC454) and TAC's (Tennelec Model TC863).
Pulses from the constant-fraction discriminators were used both to open the corresponding TAC start-signal gate so that the photodiode signal could pass, thereby initiating a conversion cycle and, after an appropriate timing delay, to provide the stop pulse for the TAC. Typical time spectra from each detection channel are shown in Fig. 3 . The FWHM of the prompt peaks was approximately 150 ps for both detectors. The position and the width of the time windows in which fluorescent photons were accepted were optimized by observing the magnitude of the photon burst from each dye and by minimizing the background with a real-time display.
The real-time display was implemented by computing the weighted-quadratic-sum algorithm (see Section 3) online with a Sun workstation. A VME-bus color monitor driven by the Sun workstation provides a chart-recorderstyle display of the amplitude of the bursts that occur as individual dye molecules pass through the flow cell. Counts occurring within the time windows were also sent to computer automated measurement and control (CAMAC) multichannel scalers (Joerger Model S3) for offline analysis. The CAMAC bus was interfaced to the VME bus (via Creative Electronic Systems Model CDB-8210) and hence to the Sun workstation (via Performance Technology model PT-VME 901).
For the lifetime measurements the TAC output was digitized by a 10-bit CAMAC analog-to-digital converter (ADC, LeCroy 3511), which recorded the time difference between laser pulse and photon arrival with a resolution of approximately 10 ps. To identify photon bursts, one needs the arrival time of each photon. This was provided by the internal clock of the VME CPU card (Motorola MVME 147S) that managed the event-by-event data collection for the lifetime measurements. Real-time software on the CPU card ran under VxWorks and communicated with the Sun workstation via Ethernet.
RESULTS OF EXPERIMENTS
Our initial experiments used pure (unmixed) solutions of R6G and TR to verify that the separate detection channels were aligned and operating correctly and that indi-
vidual molecules of each separate dye could be efficiently detected. This having been accomplished, the next step was to evaluate the cross talk for each dye as seen by the opposite detection channel. For these tests CH 3 0H was used as the solvent, since with alcohol an average of _106 photons per molecule are available before photobleaching, while in aqueous media the yield is only 10,000-30,000 photons. Thus alcohol can provide a more sensitive indication of cross talk between detection channels. Autocorrelation analysis of the instantaneous photoncounting rate has been shown' 7 to be a sensitive indicator of the nonrandom signal produced as molecules pass through the laser beam. Accordingly we have used this method to investigate cross talk. For a data set d(t) consisting of N consecutive values of the number of photons detected in a specified time interval, the digital autocorrelation function is given by
(
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The function A(r) is plotted in Fig. 4 for data streams obtained with R6G and TR separately and with CH 3 0H alone. For detector 1 (the R6G detection channel) the presence of TR results in no autocorrelation above that observed with CH30H alone, although a slight increase in the average counting rate causes an upward shift in the entire autocorrelation plot. The small increase in the autocorrelation function at short time delays that is observed in both data sets results from the detection of fluorescence impurities in the solvent. As expected, when R6G is added, the autocorrelation peak in the R6G detection channel is greatly increased. Corresponding results are observed for detector 2 (the TR detection channel), which indicates that both detection channels have little or no sensitivity to the opposite dyes. The equal photo and A respE disti randc fluor( proac when The number of dye molecules that pass through the de- tection volume (defined at the l/e intensity contour) is Time (s) given by N = covT, where c is the concentration of dye Weighted-quarat m plotsfor a mixed 1 X 1l-4 a Xmolecules in the solvent, cr is the cross-sectional area denol solution of TR and R6G (top) and R6G alone (bottom) fined by the midplane le laser-beam intensit contour letector 2, the TR channel. y and the spatial filter slits, v is the flow velocity, and T is the duration of the experiment. aolecule of each type enters the detection volume thduainoteexrmn. 4o ecusef he typeante te detamolecionvoum The linear flow velocity cannot be readily deduced from 4 s ecaus the rasit time of a moglecule houg the volumetric flow rate, since the laser beams were focused near the wall of the rectangular cell in a region of Iwo or more molecules are simultaneously present. reduced flow velocity. (This focus was mandated by the ,a stream, which consists of the number of photons limited working distance of the microscope objective). ted in successive 2-ms time bins, was recorded from Instead the flow velocity was calculated from autocorrela-.etection channel. Each data stream was processed tion data for R6G and TR by fitting the peak near the the weighted-quadratic-sum filter S(t) that we have origin to a Gaussian. If a dye molecule passes through a in previous single-molecule-detection experiments':
Gaussian beam without diffusion or photodegradation,
the photon burst will on average be Gaussian in shape,
S(t) = w(&)d(t + T) 2
(2) and the autocorrelation function will exhibit a Gaussian -0 peak with a width that is \/2 times the width of the burst. range k covers a time interval that is approximately Diffusion and photodegradation will modify this width, so to the lesser of the molecular passage or the mean we estimated their contributions to the autocorrelation by bleaching time; in the present study the values k = 9 combined analytical and Monte Carlo calculations that in--= 13 were used for water and methanol solvents, corporated the photophysical and diffusion coefficients of ,ctively. The weights w(T) are chosen best to the dyes and the geometry of the experiment. The aguish the signal from passing molecules from photodegradation effect proved to be negligible (fewer am fluctuations in the background. Typically the than 10% of the molecules photodegrade), whereas diffuescence signal increases slowly as the molecule apsion reduced the width of the autocorrelation peak by hes the laser beam, followed by an abrupt cessation -35%. After correction the flow velocity was determined photobleaching occurs. We therefore choose w(T) as to be 290 gm/s, indicating that approximately 45 mole- cules pass through the l/e volume of the detector during a typical 205-s experimental run. The efficiency for detection, expressed as the ratio of detected molecules to the number that enter the probe volume, can now be calculated. For R6G with a discriminator level of 86, the efficiency is 78% with an error rate of 0.01 error/s, whereas for TR the efficiency is 90% with the discriminator level set at 65 and an error rate of <0.01 error/s. Note that it is possible to detect more molecules than those that pass through the central l/e portion of the detection volume if molecules on the fringes of the laser beam are also detected; this can lead to an efficiency of greater than 100% by the present definition. The uncertainty of the efficiency values given above and elsewhere in this paper is not easy to assess. The primary uncertainty is probably in the molarity of the dye solutions at the low concentrations required in these experiments. These dilute solutions were made by successive dilutions from a weight-based stock solution, and the final concentration was computed without considering possible adsorption of dye molecules to glass surfaces during the dilutions or to the polyethylene tubing that connects the supply reservoir to the detection cell. We believe that if the dye concentration values were in error, the actual concentrations would be lower than we have assumed, which would lead us to underestimate the efficiency of the detector.
Because an aqueous environment is much more suitable for many biochemical applications of single-molecule spectroscopy, we repeated the experiments with water as the solvent. Identification of individual molecules of R6G and TR in aqueous solutions is more difficult than in alcohol because the quantum efficiency and photostability of both dyes are lower in water. In Fig. 7 we show autocorrelation data for mixed 5 10'" M TR and R6G in water for solutions with and without helium purging to remove 02-02 removal has been shown to diminish photobleaching in fluorescence microscopy. 2 1 As can be seen, a strong autocorrelation peak occurs for R6G (detector 1) with or without purging, whereas for TR (detector 2) a strong peak only occurs when 02 is purged. Even with deoxygenation, in aqueous solutions TR evidently produces burst amplitudes much smaller than R6G. Figures 8 and 9 show filtered data streams like those of while reducing it for R6G. We observed that the effect of (1) )ottom) from detector 1. For the water data the value of the time of photon arrival from a continuously running was used in the weighted-quadratic-sum filter procedure. Figs. 5 and 6, except that 0 2 -purged water is the solvent in place of methanol, and we show background data obtained from pure water, since cross talk was shown to be negligible in the more-sensitive methanol experiments. The filtered data streams from both detection channels exhibit peaks in response to a mixed aqueous dye solution (5 X 10-1' M in each dye), indicating that individual molecules are being detected. The streams shown were taken at the same time, but there is no evident correlation between the time peaks that occur in the two channels, again indicating the absence of cross talk. In water typical bursts from single dye molecules contained 10-20 detected photoelectrons, which is several times fewer than we observed in methanol. We estimated the detection and identification efficiency as before by arbitrarily selecting S(t) thresholds that keep the false positives below 0.01 error/s. The resulting efficiency values for R6G (detector 1) are 87% without 02 purging and 79% with purging. For TR (detector 2) the efficiencies were 24% without purging and 54% with purging. Interestingly, deoxygenation improves the detection efficiency for TR nential is assumed and the number of background events during the brief duration of the burst is negligible, as it is for the data shown in Fig. 10 , the maximum-likelihood estimate of the fluorescence lifetime takes a particularly simple form-the mean of the individual observations. For a burst of size N, the relative error of this lifetime estimate is N 2 . Thus, from an observed burst of 200 photons, the lifetime can be determined with an accuracy of 7%, which is sufficient for distinguishing many species of dyes.
For the particular burst shown in Figs. 10 and 11 we computed the lifetime to be 4.5 ± 0.3 ns, in agreement with the value 4.17 ± 0.01 ns determined by measurements for a bulk solution of TR in methanol. Lifetimes computed for other individual bursts were also clustered near the bulk value. When inferring the lifetime from the mean of the observed AT values, we have corrected for the fact that the laser repetition rate prevents us from recording values of AT greater than 10 ns. In this connection we note that a constant background will not strongly bias the lifetime derived from the mean of the AT values if AT values spanning a range equal to twice the lifetime are used to compute the mean. Even though the present background was quite small, this condition was approximately satisfied in our experiments. Since the origin for AT need not be the time of the excitation pulse, we took AT = 0 at 0.7 ns after the excitation pulse to eliminate scattered photons. A rigorous treatment of the complete decay profile, including prompt photons and background, by maximum-likelihood methods is the topic of a separate study. 22 
DISCUSSION AND CONCLUSIONS
As examples of spectroscopy at the level of individual molecules, we have demonstrated that differences in emission spectra, and perhaps in fluorescence lifetime, can be used to identify single dye molecules in a mixture. Fluorescence quantum yield is another spectroscopic property that could readily be measured at the single-molecule level to provide a means of distinguishing among molecular species. Observation of the photon emission rate as individual molecules pass through a laser beam of known intensity can provide an absolute or relative determination of quantum yield (strictly, the product of the absorption coefficient and the quantum yield). The present experimental arrangement did not allow us to make such measurements, since different molecules experience different light intensities because of the Gaussian beam profile. Similarly, the photodestruction lifetime could be measured at the single-molecule level by observing the duration of the burst by techniques similar to those used for Fig. 10 . However, diffusion and other factors may complicate the interpretation.
With proper experimental design two or more independent spectroscopic properties, e.g., lifetime and emission spectra, could be observed simultaneously for each passing molecule. Knowledge of two or more parameters would localize each molecule in a multidimensional parameter space and would be useful in cases in which the value of a single parameter would be insufficient to permit a definitive identification.
We have discussed single-molecule spectroscopy primar-
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ily from the point of view of identification of molecular species, as when a dye is attached to a nonfluorescent molecule as an identification tag. However, the capability of performing spectroscopic measurements on individual fluorescent molecules will have a range of other applications in chemical and biochemical studies. To the extent that spectroscopic properties are modified by the immediate environment of a molecule, information about that microenvironment can be obtained. Data collected by observing individual molecules would reveal features that are not evident in the average behavior of a group. For example, measurement of the average quantum yield of a group of chromophores of which one in 50 is bound to a quencher would not reveal the underlying statistics of the quenching, whereas this information would be readily accessible with single-molecule spectroscopy. Phenomena that occur in microscopic-sized samples and that involve only a few molecules can be studied. When viewed in this light, the present spectroscopic techniques provide tools for studying chemical and biological interactions that are inaccessible to macroscopic methods.
